Ultrafast two-dimensional infrared (2D IR) vibrational echo spectroscopy has proven broadly useful for studying molecular dynamics in solutions. Here, we extend the technique to probing the interfacial dynamics and structure of a silica surface-tethered transition metal carbonyl complex-tricarbonyl (1,10-phenanthroline)rhenium chloride-of interest as a photoreduction catalyst. We interpret the data using a theoretical framework devised to separate the roles of structural evolution and excitation transfer in inducing spectral diffusion. The structural dynamics, as reported on by a carbonyl stretch vibration of the surface-bound complex, have a characteristic time of~150 picoseconds in the absence of solvent, decrease in duration by a factor of three upon addition of chloroform, and decrease another order of magnitude for the bulk solution. Conversely, solvent-complex interactions increase the lifetime of the probed vibration by 160% when solvent is applied to the monolayer.
T ailoring surface properties by depositing molecular monolayers (1) on various solid substrates is critical to many technologies, including industrial catalysis, chemical sensors (2) , fuel cells, and molecular electronics (3) . The functional groups terminating the monolayer determine the hydrophobicity, chemical reactivity (4) , and charge transfer properties (5) of the interface, which are strongly influenced by local structure and fast associated dynamics. Despite a long-standing need, the tools to study structural dynamics of interfacial molecules under chemically relevant conditions have been lacking (6) . Commonly used microscopy and scattering techniques provide information on the size, shape, and electronic structure of particles and adsorbates, but their time resolution is generally insufficient to study molecular dynamics, and many only function under ultrahigh vacuum conditions (7) .
The development of ultrafast infrared (IR) spectroscopy over the past two decades has provided tools for the in-depth examination of the dynamics and structure of bulk liquids, liquids in nanoscopic environments, organic complexes, biological macromolecules, and solids (8) (9) (10) (11) .
IR techniques such as pump-probe absorption, transient grating, and two-dimensional (2D) IR vibrational echo spectroscopy have been used to study spectral diffusion (9) , vibrational relaxation (12) , chemical exchange, (8, 10) , and orientational dynamics (11) . The extension of these techniques to surfaces and interfaces has been a long-standing goal of the surface and ultrafast spectroscopy communities (13) .
Sum-frequency generation (SFG) and secondharmonic generation (SHG) form the current basis for vibrational spectroscopy of surfaces and interfaces. Frequency-domain experiments provide important information on the molecular orientation (14) , vibrational coupling (15) , and hydrogen-bond network at interfaces (16) , whereas time-domain studies can probe reorientational (17) and translational motions (18) , thermal conductance (19) , vibrational relaxation (20) , and spectroscopic line broadening (21) . The measurement and quantitative interpretation of 2D IR spectra of molecular adsorbates has previously been limited to thick samples and attempts at 2D IR-pump SFG-probe spectroscopy (upconverted hole-burning) (22, 23) . Upconverted two-pulse vibrational echoes, which measure the homogeneous component (ultrafast motionally narrowed dynamics) of the infrared absorption spectrum but cannot study spectral diffusion (time dependence of structural evolution), have been attempted as well (21, 24) . The frequency upconversion in time-resolved SFG renders interpretation difficult because of the included Raman process (23) , which necessitates careful determination of the time correlation functions measured in the given beam geometry (25) . Furthermore, SFG-based techniques are inherently insensitive because upconversion is inefficient. Techniques relying on hole-burning methods have intrinsically lower time resolution and sensitivity and produce convoluted spectra, whereas echo-based methods suffer none of these drawbacks (26) .
Here, we report on the application of an ultrafast 2D IR vibrational echo method to molecular monolayers that overcomes all of these challenges, because there is no intrinsic tradeoff between time and frequency resolution, and the associated heterodyne detection provides much higher sensitivity (signal-to-noise ratio) than other methods. This approach opens the way for the quantitative understanding of the effect of immobilization and solvent on the structural and vibrational dynamics of molecular monolayers on solid substrates.
We applied our technique to the study of a silica-immobilized transition metal carbonyl compound of interest as a photocatalyst. Immobilized homogeneous catalysts are appealing because they maintain high molecular specificity and activity under mild conditions while precluding the need for expensive separation methods (27) (28) (29) . However, conditions such as the presence or absence of solvent can strongly affect catalytic activity in presently unpredictable ways (29, 30) . Microscopic changes affecting molecular reactivity should manifest themselves in the dynamical characteristics of the system due to the small energy differences among states. As a first step toward resolving solvent-dependent vibrational dynamics that could ultimately assist rational catalyst optimization, we have compared spectral diffusion rates and vibrational lifetimes of bare (monolayer/air interface) versus solvated surface-bound complexes. In addition, the dynamics of the immobilized catalyst are compared to the corresponding homogeneous catalyst in bulk solution.
We immobilized a compound in the LRe(CO) 3 X class of complexes (L, heteroaromatic bidentate ligand; X, halide/pseudohalide) that are under investigation as homogeneous photo/electro-catalysts for the reduction of CO 2 to CO or formate (30) . Other metal-ligand-based catalysts have been immobilized (27) , and the system depicted in Fig. 1 represents a good model system for studying immobilized catalysts in general. The planarity and optical transparency of the substrate facilitates optical study.
We prepared the molecular monolayer by tethering fac-RePhen(CO) 3 Cl (Phen, phenanthroline) to an undecane monolayer through a triazole linker, created by Cu(I)-catalyzed 1,3-dipolar Huisgen cyclization between a terminal alkyne and an organoazide, popularly referred to as a "click" reaction (27, 31) ( Fig. 1 , A to C). The undecane monolayer is attached to a 100-nmthick silica layer grown on a calcium fluoride substrate [see Supporting Online Material (SOM) for details].
The fac-RePhen(CO) 3 Cl head group has three CO stretching modes that absorb strongly in the infrared. For the monolayer/air interface ( Fig. 1D ), the peaks are at 1898 cm -1 (n 1 ), 1921 cm -1 (n 2 ), and 2022 cm -1 (n 3 ). The n 3 transition is a nearly symmetric stretch involving all three carbonyls. The band shifts to higher frequency and narrows when the surface is submerged in chloroform ( Fig. 1E ). The blue shift and peak narrowing are more pronounced in a bulk solution of the RePhen(CO) 3 Cl head group (Fig. 1 , C and F, and Table 1 ). We chose to study the n 3 transition because it is well resolved spectroscopically and acts as a probe of the effects of the heterogenization and solvent on the metal complex. The absorbance [optical density (OD)] for the n 3 transition was~5 × 10 −4 which gave a sufficient signal-to-noise ratio in the 2D IR experiments. The monolayer was monitored for degradation by frequent Fourier transform infrared (FTIR) analysis and was found to be inert and stable over the course of all experiments.
The tilt angle of the transition dipole moment for the n 3 transition with respect to the surface normal was determined to be 63 T 1°at the monolayer/air interface from the polarization dependence of the FTIR spectrum when the incident angle was Brewster's angle (32, 33) . When the monolayer was submerged in chloroform, the n 3 transition dipole tilt shifted to 57 T 1°, indicating only small structural changes upon solvation. By performing the same analysis for all three modes, the absolute orientation of the head group in the monolayer was determined. Four optically indistinguishable configurations of the ligands around the Rhenium atom were found ( fig. S4 ).
We determined the coverage of the monolayer with infrared spectroscopy using the absorbance, the molecular orientation, and the extinction coefficient. These results were confirmed with inductively coupled plasma mass spectrometry (ICPMS), which measures the total rhenium content (table S2). The surface coverage was 1.9 × 10 14 molecules per cm 2 (53 Å 2 per molecule), which is in line with the typical surface coverage of transition metal complexes (34) and indicates that we obtained a molecular submonolayer.
Details of the 2D IR vibrational echo spectroscopy method have been given elsewhere (35) . In the experiments, three~100-fs IR laser pulses tuned to the frequency of the n 3 mode are crossed in the sample. The three pulses generate a nonlinear polarization that emits the vibrational echo pulse (the signal) in a unique direction; this pulse is subsequently detected as a function of frequency, w m (the vertical axis in the 2D spectra) by optical heterodyning, which provides phase information and amplifies the signal. The first laser pulse starts a coherent oscillation of the vibrational oscillators, effectively labeling the initial frequency of each oscillator, w t (the horizontal axis in the 2D IR spectra). At a time t later, the second laser pulse stops this coherent oscillation and starts the population period of duration T w (the waiting time) by driving the system into vibrational population states. The third laser pulse ends the population period and triggers the emission of the vibrational echo pulse. During the second time period of length T w , the excited vibrations can undergo frequency evolution, vibrational relaxation, or other dynamic processes. The frequency evolution (spectral diffusion) during the T w period can be characterized by a frequency-frequency correlation function (FFCF), which is typically modeled as a sum of exponential decays.
The 2D IR spectra of the n 3 mode were acquired for the monolayer (bare, Fig. 2A ), the same monolayer under chloroform (wet, Fig.  2B ), and the bulk chloroform solution of the RePhen(CO) 3 Cl head group (Fig. 2C ). The large inhomogeneous components and slow spectral dynamics of the interfacial systems are reflected in the elongated shape of the absorption peaks at T w = 0.5 ps, and their slow changes in shape with increasing T w . The 2D IR spectra of the bulk solution show clear differences relative to the monolayer complexes: The central peak is less elongated at short time, which indicates a larger homogeneous component, and also undergoes more substantial change in shape with increasing time, demonstrating that spectral diffusion is much faster than in the monolayer samples.
The rate of the spectral diffusion is quantified with the well-established center-line-slope (CLS) method (Fig. 3 , A and C) (36, 37) . A clear trend is observed in the CLS decay time constant, which decreased from 78 T 15 ps for the bare monolayer to 26 T 4 ps for the wet interface, both substantially slower than the 5 T 1 ps measured for the head group in bulk solution. The fast spectral diffusion time constant for the complex in bulk solution is consistent with fast structural evolution (rotation/ translation) of the solvent surrounding the complex that results in fast sampling of the heterogeneous solvation microstates. This is clearly not the case when the complex is immobilized on the surface (compare CLS decays in Fig. 3 , A and C). Table 1 . Dynamic and static parameters determined from experiments. D is the full width half maximum of the n 3 transition, D H is the homogeneous full width half maximum of the n 3 transition, and D I is the inhomogeneous full width half maximum of the n 3 transition.
Sample The homogeneous linewidth (very fast structural fluctuations that produce motional narrowing) is associated with the difference between 1 and the value of the CLS curve at T w = 0. Here, again, there is a clear trend. The homogeneous component of the FFCF increases from 12% for the bare monolayer to 20% at the wet interface, indicating substantial additional motional narrowing. For the bulk solution of the head group, the homogeneous component of the linewidth accounts for nearly 50% of the total absorption line broadening, indicating drastic differences in the solvation of the surface bound complex versus the bulk solution. The homogeneous and inhomogeneous linewidths can be recovered directly from the CLS method (36) and are listed in Table 1 . We can conclude that the solvent has rendered some of the heterogeneous microstates of the bare monolayer spectroscopically equivalent when the monolayer is exposed to solvent.
After excitation, vibrations relax to the ground vibrational state with the lifetime, T VR . Vibrational relaxation conserves energy and so requires lower frequency molecular modes, including collective modes of the surroundings (phonons), in which to deposit the energy (38) . Vibrational relaxation time constants are highly sensitive to molecular structure, the local environment, and the phonon density of states. To measure the vibrational lifetime, we operated the 2D IR spectrometer in a heterodyne-detected transient grating (HDTG) configuration using a new approach, as outlined in the SOM. This method overcomes technical challenges associated with standard IR pump-probe experiments in measuring vibrational relaxation in samples with very low absorption. Figure 3 , B and D, shows the HDTG decays (points) and single exponential fits (curves) for the bare and wet monolayers as well as the bulk solution. The vibrational lifetime increased steadily from the bare monolayer to the wet monolayer to the bulk solution ( Table 1 ). The vibrational lifetime might rather be expected to decrease upon addition of solvent as the phonon density of states increases. Therefore, the observed lifetime increases are likely due to changes in the anharmonic coupling of the n 3 mode to intramolecular acceptor modes.
Both the frequency and the vibrational lifetime of a metal carbonyl vibration are inversely correlated with the amount of p back-bonding from the metal into p* antibonding molecular orbitals of the CO ligands (15) . The n 3 vibration shifts to higher frequency and relaxes more slowly when the monolayer is in contact with the chloroform liquid. The lifetime increases further and the frequency shifts further blue when the complex is fully immersed in bulk chloroform. These changes are consistent with diminished p back-bonding in the Re(CO) 3 moiety on exposure to chloroform (15) .
The changes in p back-bonding are consistent with a CH-p interaction between the chloroform and the phenanthroline ligand, which will affect the electron density of the metal CO system (39) . The electron density of the phenanthroline will be inductively drawn away from the Re, which will decrease the amount of p back-bonding. The same p back-bonding changes that affect the n 3 spectra and vibrational lifetimes could influence the catalytic activity of the immobilized metal complex because increases in p back-bonding decrease the CO bond order but augment the strength of the Re-C bond (39) .
The 2D IR data show that the solvent significantly increases the rate of spectral diffusion and, as will be discussed below, the rate of structural evolution. However, even in the absence of solvent, there is substantial spectral diffusion. In samples with nearly full monolayer coverage, vibrational excitation transfer (Förster transfer) between molecules that are close to each other but have different frequencies can be a source of spectral diffusion (40) . Therefore, both structural spectral diffusion (SSD) and excitation transfer-induced spectral diffusion (ETISD) can contribute to the measured spectral diffusion. Both SSD and ETISD processes can be affected by the addition of solvent. The solvent can affect microscopic structural fluctuations that are responsible for SSD and change the homogeneous and inhomogeneous contributions to the vibrational line shape, which independently will affect ETISD. To separate the contributions of structural evolution and excitation transfer to the measured spectral diffusion, a new excitation transport theory has been developed. Vi-brational excitation transport depends on the spatial separation between molecules, the relative orientations of the vibrational transition dipoles, the homogeneous and inhomogeneous contributions to the vibrational line shapes, and the vibrational lifetime. We measured all of these necessary parameters.
Two vibrational chromophores in spatial proximity that have significant spectral overlap of their homogeneous lines will undergo ET via the Förster mechanism at a significant rate (41) . ET processes are extremely sensitive to geometry and spatial proximity due to their r -6 distance dependence. That the exchange depends on the overlap of the homogeneous lines of the vibrations on two molecules is an important caveat. The overlap of the vibrational homogenous linewidths of two molecules that have different center frequencies enables conservation of energy in the excitation transfer process. Two vibrational oscillators that are close together spatially and close in frequency will undergo fast exchange, whereas two oscillators that have the same spatial separation but that are farther apart in frequency will undergo much slower exchange. Figure 4A shows the Gaussian absorption line and the underlying homogeneous Lorentzians. The slow excitation transfer for vibrations that are far apart in frequency is caused by small overlap of their homogeneous lines, which results in a small Förster radius. The inset shows calculations of the temporal decay of the probability that the initially excited molecule remains excited [P in (t)] for transfer between the red spectra and between the blue spectra in the main part of the figure. In this calculation, the molecules are 8 Å apart. The 2D IR experiments (Figs. 2 and 3 and  Table 1 ) provide the homogeneous linewidths, without which the ET calculations would be impossible. In addition, it is necessary to know the transition dipole (0.27 D), which was determined from the absorption spectrum, the vibrational lifetime (Fig. 3, B and D, and Table 1 ) to determine the quantum yield, and the direction of the transition dipole, which was measured with polarized FTIR. Finally, it is also necessary to know the surface coverage, which was determined both by FTIR absorption and ICPMS. The surface coverage sets the distance scale for the ET.
The ETISD can be calculated by solving the excitation transfer problem for a given geometry and distribution of frequencies (see SOM). We examined three possible geometries conforming to the measured surface coverage: hexagonal close-packed (HCP), a loose random circle packing (LP) that has a hard disk radial distribution function, and a uniform random distribution with excluded area (RE). We are able to exclude HCP and LP based on the fact that the ETISD-only FFCF decays faster than the experimentally observed decay (see SOM). Only the RE structure is physically consistent with the experimental data. In Fig. 4B , we show the experimentally determined exponential decay of the FFCF with T w for the bare sample (circles) and its fit (black curve), as well as two calculated curves for the RE structure. The solid curve is a complete numerical solution to the transfer problem, and the dashed curve uses the Huber cumulant expansion approximation (42) , which is seen to be quite accurate.
The exclusion radius in the RE model defines the excluded area that prevents the initially excited molecule from physically overlapping with a nearby acceptor molecule. Based on the size of the complexes, it is possible to bound the exclusion radius between 6.25 Å and 7.5 Å (fig.  S10 ). In Fig. 4B , the exclusion radius is chosen to be 6.5 Å (a molecular radius of about 3.25 Å), which is consistent with the calculated van der Waals radius of the Rhenium complex.
The total spectral diffusion, which is measured experimentally, can be separated into the SSD and ETISD components using a theory that accounts for both types of spectral diffusion. In connection with Fig. 4A , we saw that the rate of excitation transfer depends on the frequency separation of the chromophores in addition to their spatial separation. Structural evolution of the system causes the frequencies of the vibrations to evolve in time, which is the source of SSD. SSD can bring two frequencies close together or can move them farther apart, resulting in a greater or lower probability of ET, respectively. Therefore, in addition to the time-independent spatial distribution of chromophores, the timedependent SSD must be included in the ET calculation. We have developed the theoretical methodology to accomplish the calculation of combined SSD and ETISD using the Huber cumulant expansion (42) , which we have shown to be accurate for describing the excitation transfer in this system (see Fig. 4B and SOM) . Figure  4C illustrates the theoretical methodology that we implement. Frequency trajectories from the simulated SSD stochastic process are drawn for each oscillator, and the excitation transfer problem is propagated at each time step using the instantaneous frequencies of each oscillator and the Huber cumulant approximation. Figure 4D shows the experimental FFCF for the bare monolayer (circles) and ETISD curves with the exclusion radius between 6.25 and 7.5 Å (shaded region). For the calculated total spectral diffusion to match the experimental data, the structural spectral diffusion time constant must fall between 120 ps and 180 ps as hard limits. The red and blue solid curves through the data correspond to these bounds, which come from the red and blue dashed curves that are the limits of the shaded region. Figure 4E shows the same information for the wet monolayer. Because the wet sample is the same monolayer/ substrate as the bare sample except that it has been immersed in the solvent, the spatial distribution is the same. However, the wet monolayer ETISD calculations include the changes in the homogeneous and inhomogeneous linewidths in going from bare to wet (Table 1) . To match the total spectral diffusion with the experimental data, the SSD time constant must fall between 40 ps and 60 ps as hard limits.
The structural spectral diffusion time constants, which can only be measured from 2D IR spectroscopy, quantify the structural dynamics of the interfacial layer because the structural motions of the monolayer and surrounding molecules are coupled to the vibrational frequency. One mechanism of SSD that has been demonstrated for the CO stretching mode of CO bound to Fe-heme in the protein myoglobin (43) and for the hydroxyl stretch of water (44) is the Stark effect. Motions of molecules bound to the surface can produce fluctuating electric fields that cause spectral diffusion. Therefore, the spectral diffusion of the bare sample is reporting on the time scale of motions of the surface-attached molecules. The results show that even the bare layer has relatively fast structural motions,~150 ps. The relatively short time scale associated with the bare surface structural dynamics shows that the immobilized Re complex is far from static even in the absence of a solvent. Addition of the CHCl 3 solvent changes the time scale of structural fluctuations from~150 ps to~50 ps. This time should be compared to the spectral diffusion time constant of 5 ps for the fac-RePhen(CO) 3 Cl head group in bulk CHCl 3 solution. Therefore, the functionalized surface molecules in contact with the solvent have motions that are very different from those of a fully solvated metal complex. The increase in the rate of spectral diffusion for the wet surface sample is unlikely to be due strictly to solvent dynamics. The bulk solution sample has a very large homogeneous width (Fig. 3 CLS data and Table 1 ), 3.5 cm -1 compared to an inhomogeneous width of 6.5 cm -1 . In contrast, the wet surface sample has a homogeneous width of 2.4 cm -1 compared to an inhomogeneous width of 10.6 cm -1 . Furthermore, the wet sample vibrational lifetime is 60% shorter than the bare sample, but the bulk solution sample's lifetime is 300% slower than the bare sample. The stark contrast between the solvated monolayer and the solvated bulk complex demonstrate that the solvent changes the structural dynamics of the metal complexes in the monolayer in a different manner than in the bulk. If the addition of solvent to the monolayer simply added structural fluctuations of the solvent to the SSD of the monolayer, one would expect to see a~5-ps component, which is not present. The solvent might disentangle the carbon chains, resulting in the small observed change in head group angle and facilitating faster molecular motions. Experimental and molecular dynamics simulation studies of the dependence of the rate of spectral diffusion on the chemical nature of the solvent will help determine the role the solvent plays in the dynamics of this and other functionalized surfaces (43) .
Using ultrafast 2D IR vibrational echo spectroscopy, HTDG experiments, and FTIR studies, we have examined the dynamics and structure of a monolayer of molecules bound to a planar SiO 2 surface. The experiments open up a longanticipated field. Our general methodology when systematically applied across solvents, monolayer coverage, and metal complexes or other vibrational dynamics labels can provide greatly increased understanding of the structural and vibrational dynamics of molecules on surfaces and at interfaces. exp. data exp. fit calc. calc. approx. 
